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Within  the  past  10 y e a r s ,  s u b s t a n t i a l

rcsc.arch  in Aclaptivc  ~tnicturcs  i s

cvidmlt  ancl cmntinucs  i ts  intqyation  info

various spacx  cxpcrimcnts  and missions.
I’hc lapid  intcp,ralion i s  at~[il)lltablc  to
soll]tic)IlsA(ia]>livc  Mucturcs  potcntia]ly
])lovidcs to m a n y  a n t i c i p a t e d  s p a r e

chal lenges in l a r g e  p r e c i s i o n  space

structutcs  and commercial availability of

IClial)lc actuator materials. -1’hc

cm])hasis  o f  tlIc p a p e r  i s  on s p a c e

CXIWI imcnts rclatc(i  to Ad:iplivc
StI~lctllrcs  \tritl]il]  tllc])ast  two >~’a;-s.

lntmrtuction

‘I’t~is  })a])e]] )lo~~idcsa]l  updat  con
space cxpcrimcnls in Adaptive
Struclurcs  sit)c.c  tl]c overvicii  p: IpcIs ‘1’2)

in 1993 :ind its potcntid  value to meet
c h a l l e n g e s  of Iar:,c aqct snlall s p a c e
stluc,tulcs(:’).  W i t h i n  the pas( (L’11 ycat-s,

substantial /,lowtll in Aclaptivc
Stluc.turcs  Icscarch  iscvidcllt  alollp, witl~

vaIious  space applications and
-------------------------- -------------- -------------

Copyli#lt  @ 1 9 9 6  by tlie lnwvnalionfil
Astlr)]]a(lticall  ;cdcratioi).  Allrip,l)ts  rcscr\cd,

cxpcrimcnts in U S  and in  l;rancc.  ‘1’hc
lulativcly I-api(i insertion of’ tllc
tdlnolop,y” to space application is
atlributab]c  to i t s  polcntial  solution  10
spat.c challenges and the availability of
commercially available ac.tuatiol~
materials compatible with spac L’
rcquircmmts.  Ackiitionally,  many of the
initial research activities included
cxtcnsivc  tcstbcds  and cxpcrimcnts  to
establ ish and dmonstratc  feasibi l i ty .
‘I’l Ic emphasis is to dcscrit)c  rcceI)t  spaccx
fli:,l)t cxpcrimcnts and those in
dcVC]OJMllCllt.

Althoug,h solutions to CIMIICII[:C.S
Iclatcct  to IaIg,c ]Jrccision strllctlll”L’s

provictcct the i n i t i a l nlotivatioll o f

Adapt ive  Structures ,  tl~c tcchnolop,y  is

a p p l i c a b l e  to the  I~cw focus  o f  s m a l l

il~cxpcnsivc spacccmft. Adapti\rc
S[/ucturcs  pmniscs  10 mxtucc the cost
\4dlilc impmvinp, reliability by

il)tmducing, approaches fol” I’[)hll>t

dcsip,n. Robust  desip,n  rcctuces  c o s t  o f
cl]~,inccrillg  and pIoc. css control of ma]ly
clitical  va r i ab les  tl]at  could  affect tl]c
per fo rmance  of the final syskm. ‘1’llc
NASA ORIGINS pm~,ram starting in the

Ilc.xt millcmnium rccluires Ial f~,c
dcployabte  precision structural systems



and nlaintaininp, mlativc  positioIl of
optical clemcmls on the structure 10 about

1  n .ano-meter . ‘I’}-ic capabilities of
A d a p t i v e  Structurcx  promise to help
n~cct many  o f  t h e  challcn~,cs o f  t h e
()]<] (il NS ]ltO~,I”aI1l.

space Rcquircmcrlts

.Ac.luato]s
Adaptive Strudurcs  require tlIc

ii~tcp,l-ati[)ll  of many funct ions SUCh  as

structIIIcs, smsors,  actuators, c.ontmllct-,
am! power. Althm@I the r’cc.cnt
:ivailabilily of Scnsol”s  (C.p,.,  Ilorl-
cont:icting;  clisplaccmtmt scnso)s  ald
intcrfcromctels  with rcsc)lution  about 1
nano-mete r ) ,  low power miniaturid
conttol]crs, ad p o w e r s u p p l i e s arc

invaluab]c,  the critical component al-c
the actualo]s. ‘Ihc basic paramctct  fol
Adaptive S t r u c t u r e s  i s  strain. “1’hc
actaalor resolut ion musl bc compalihlc
tvjl]] !]]c ac~vcrs~ s t r a ins  within  the
StI-UCt UI-C ct~lril~g  i t s  opcl-atio]l. ‘1’llc

attainment  of prcc.ision  of lar~~,c  s p a c e
slIuc.tu  Ics i s  ac.hievablc by cx~ntmllin~~,
very s[~lall  Icvcls of stl-sills (< I ILm/111)
0] str:iin  cncrcy, w h i c h  komL’s the
mquircd scnsilivily of t h e  actuatol.
l;orlunatc]y, commercial actuator
material cx~mpatiblc \\’itll space
t-cquircmcnts,  namc]y  picm-electric and
clc.ctroslrictivc materials al c
commercially available.

‘]’hc two basic approaches to
intcgralillp, picm-clec.tric.  (1)7.’1’) aduator
makxials to d a t e  a r c  to p l a c e  tllc
ac.t~latols  in parallel with the stIuctulcs
(e.g. bomi tllcactllaloro  tltllcsll[facc{lf
the shmturc or e m b e d  the a c t u a t o r

\vitl]it]  tl)c C,ot]l[x)sitc  [Ilatcrials)  find to
p l a c e  the  aclwilor  in sc]ics  (in-liw

;ic.tuator)  with t h e  s t r u c t u r e . 111 both
:ij~]~roaches,  the dcsi~,n mltst provide for
cfficicnt  transfc[  o f  strain  froln the
actlialor  material to tk structure while
lnaintaininf,  the linearity characteristics.
‘1’hc S“I’RV- 1 t>(4) flip,ht cxpclimcnt

includes sur face  nmuntcd  and in-l ine

actwitors  1’7,’1’ actuators. ‘1’hc Adv;inc.c.d
(kntrol ‘1’cchtmlop,y l{xpcrimcnt  I
(A(;’I’ILX-1)(5)  imbcds  1)7’1’  act~i:itom

witllill  the  p,raphitc  epoxy  c o m p o s i t e
stlucture.  ‘1’hc apparent advantaf,es  of a
dcsi[l,n with actuators in par-al]cl  with the
sttuctu~-c  aJc its :ibility to transmit lart~c
loads ad retain structural lmi(i
lransmissic)n  cap:ibility  w i t h  a  broken
;tctuator. ‘lhc apparent advantap,c.s  of an
ill-line ctcsi~,n :irc the c a p a b i l i t y  10
illcoqx)lalc  dcsip,n approaches to attain
l:irgc displaccn)en[s  a n d  activc]y  wljust
IIIC s t i f f n e s s  of t h e  a c t u a t o r  usin~,
precision and sm:tll  displacement 1’7,’1’
actuator matc[-i:ils. Space  applications
require actliators wit]l both c.apabilitics.

(:UI I“cntly qu:tsi-static larp,c
motion  precision aclu:i[ors mist ald :irc
ii] dcvclopncnt  Illat  c o n s i s t s  of a rapid
series of slnal] motions, like a llurlcip,l~
inch-worm ac.tu:ttor or a lineal actuator
ilsinpj surface waves(6). Another
:ipproach  to develop plccision,  soft, :ind
12iIp,c  strokcact~l:it{~r~vitll  active stifftlcss
coIItrol i s to dcsif,rl mechanical
:iltlpli[~cl-s. OIIC expandab le  dcsi{yl
approach

(7) .
IS in l:igu[c 1; the p r o t o t y p e

slmtvn  a m p l i f i e s  the  ac.t~iator motion  by

a tl~corctical  fiic.tor  36:1 w i t h  :i t e s t
wilidatcd  mechanical efficiency of about
-1 o%. ‘1’hc uniclue features of lhc dcsip,t~
;ilc redundancy, compactness, tli@
internal actuator resonant  frccluency,  and
valiablc  lowstiffncss.



‘1’0 (km, (IIC actua[ol”
Kx]uircmcmts  arc a c h i e v a b l e  tllroup,h

applicat ion spcciflc  nlc.c.hanical (fcsig,ns
usi[lp,  commercially available 1 )7 ) ’1’ aIIci
clcctlc)stlic.ti  ~’c:ictllatitlll  materials.

‘1’hc  technical clMllcIIg,c for both
sInall and large prwision  structure is to

‘3) design,achicvc  a robust  s t r u c t u r a l ”
namely an a]qmach to reliably achicwc
tllc  f i n a l  m i s s i o n  obicctivcs  wittmut
critic:ii dcpclldcnc.y on Ihc numcmus
dcsi~’,n  and va l ida t ion  pal-amctcrs. 11)

many cases the approach for a Iobust
slrwcturc can significantly rcciucc both
cost and schcduic  rcsourcm by ducing
lhc rcquircmcmts on analysis,
dcvcl(q)!ncI)t trslinp,, harciwaw.,
pmccsscs, tcstinp,,  and qua l i t y  cot)tlol.
‘1’hc c o n c e p t s  o f  Adaptivr  Struc(wcs
pmvidc solution altcrmativcs to c.nablc  or
simplify 1) ~round  validation testing of
Iarp,c p r e c i s i o n  stnlclutts,  ?) lcliatllc
deployment or asscmbl]’  of strucllll-cs  in
space, 3) lincariz,ation  c)i tllc  str(lctu[c by
rcmo~ring,  joil~t  slipp:i:’c,  4) i n - s p a c e
systcln icicntifica(ior), 5) stalic
adjus(mmt,  6) dynamic modifications,
aId 7) mechanical Icliabi!ity.

l<OIC

‘1’llc intmd(lction o f I]cw’
tccll IIology into sp:icc m i s s i o n s  often
prop,t  Csscs fI”o[H Iaboratol-y
dcmonstra(ion to space flip,hl

cxpuimcnts  to mission  c r i t i c a l  Iolcx.
l:or sclcctcd  applications of Adaptive
Structures,  the majol  dcvcloprncmts in
the past fcw years :iI-C  (k Iarp,c number
of spat.c fli@ cxpcrimcnts. “1’hc Il)ost

si::lliticant  non-technical jus[ificatiotl  of
a flip,tlt  cxpmimcnt  is to cicmonstratc  its
fcasi[~iiity  or~afligllt  mission [oprovidc

corlfidcncc  in t h e  ncw  tcchnoto~,y  f o r
future missions, ‘1 ‘hc tccllllical
Justification is (0 establish appmac.hcs
a!l[l dcsip,ns to irltc{:tatc  t h e llc\v
(ccllnolop,y  to the space systcm  ttl:it  often
limits space, volume, weight, power.
tcmpcraturc  bounds, c.omputcr  power,
data storage, data format arid access.
‘1’hc totat sys(cm n)ust be capab]c  o f
withstanciinf),  t he  groun(i t e s t s ,  launch
cnvimrlmcnt  :in(t (hc s13acccIl\’irol~rllcIlt.

S]lacc ‘1’cchrkology  R e s e a r c h  Vcl~iclc-l\~

[S”l’l{v- lb)

“J’tlc  f+ ’] ’]<\l-lt\4)  spacecraft is a

joint LJS/LJK Inission  dcvclopcd  ir~ about
a  12? month  pctiod  and Iaunchcd  orl an
Arianc-4  launc]]  vchic]c  ON .JLIIIC 1-/,
1994. ‘1’hc  officiat  m i s s i o n  vws 12
morlths in d u r a t i o n ,  but ttlc S’1’l<V-tl~
spat.ccraft currc[lt plarl is to ope[a[c  until
the sumrncI of  1997. A  m a j o r
cxpcrirncnt  0]1 t h e  S’1’RV-ltJ  s]~:lcccl-aft
was to actively suppress the [ii) Inolion
of a mechanical  cooler  oyt)-cooler
finp,cr. “I’llclllissiollc  ollstlairlccl  \olumc,
w e i g h t  ard Jmwm for the cxpcrirncnt.
‘Iwo sets of a c t u a t o r s  for the syslcm
corlsistcci  of thlcc  s t a c k e d  a c t u a t o r s
contmllinp,  tllc motion  of tllc  clltim cyro-
c.oolcrtip  an(i tlIIcc  1’Z”I’sttips lwIICicd to
(he b a s e  o f  tl]c cryo-finp,c)  ilsdf  10
control the cryo-cooler tip rnotior]  irl the
three transitional directions. SLL’ I;igurc
2.. Sc.llc(iLllc  corlstl-airltsd  icl[l(jt:tllo\vfor
a n  acicquatc imwcr systcm  to l~~cct t h e
700vvoltap,c  rcquircrncrlt  forthc  bomicci
I’f,’i’  an(i t h u s  i t  w a s  not cffcwtivc in
flight. “1’lIc high voltage is ncccssary  to
(irivc a short 1’7,’1’ to hip,hcr ampiituctcs
bccausc  the I’7,’i’ i s  iimitcxi  to a  smaii



iv)llc at the I)asc of tllc  Cl”yo-coolct  rlllu,cl’
t I I at is close to room tcmpcraturc  and (0

maintain  low c.onduc,tancc  f r o m  tllc lmsc

to the  t ip .  ‘1’hc pcrfmnanc.c  of the I’Y.’l’

dcg,[adcs  w i t h  dccrcasin.g  tmpmatarc.

‘HK t i p  of t h e  cryo-ccm]cr  fIIIf,cI i s  a t

about 80°K.

“1’hc  shckcd  I’Y.’l’ a c t u a t o r s  (20

volts)  arc c.apablc of suppressing the
Vil>ralioll  motion oftllc  flmciammlal  and

tlm I-ret 4 hif$cr h a r m o n i c s  ran~,iag
f r o m  about  6011z.. to 3 0 0  117.. ‘1’llc

control systcm suppressed (1)c rms
motion  of the 5 harmonim  of the clyo  -
coolcrlip  by a factor  of about  80 to Icss
than 0.1 micronovcr  200 times sillc.c  Ihc
initial launch. ‘1’hc c.hallcnf,cs  o f
dcvc.loping  hif$ v o l t a g e ,  l o w  m a s s ,
cfficicl~t  Jmwcr supplim compatible with
spat .ccraf i pmvcr supplies IXTamc
cvi(icnt.

hliddcxk  A c t i v e  Control  Ilxpmimcnt
(MACl;)

“1’llc M1’I’/NASA h4ACll(8’g)
cxpcrilnclll w a s  f l o w n  in {Ilc Sp:icc

Shutt le  nliddcc,k  on S’1’S-67 in March
1995. “I’llcol>jcctil~co  ftl)ccxl)c[i[ilel]t  is
to dcmcmst]ate  hi~,tl autholity  a c t i v e
stmc.tura] control of flexible  stIuctuIcs  in
mm e,ravity c o n d i t i o n s  b a s a l  on
a n a l y s i s ,  F, Iounct  tcstin~,,  and otl-orbit
con t ro l  rccicsign. ‘Ihc t w o  basic
c.ol)fip,tll:itiolls tcstcct in space is ill
I;ip,ure  3. i n  e a c h  collfi~~lllzitioll,  ac.tivc
struts arc in the stracturc. “1’lIc active
struts in the Ilip,h  AuthoIity
Conlrol/1 ,ow Authmity (hntrol
(llA(YI,A(;) archilcclurc  aIc t o  add
robus(ncss  to the closed-loop control
systcm. A low au thor i ty  c.ontrollcr
consisting of two inctcpcndcnt integral
f e e d b a c k  cxmtmllcrs  bctwccn  the t w o

a x e s  o f  IIlc ac[ivc strul. l;O1 mbus(ncss,
the local cotitrol  l oops  a d d  dampin~  to
tllc  10, 17 and ’25 IIY.. modes .  ‘1’hc in-
slmcc systc[]l performance was similar to

!Imc dctcmincd  during  ~round  lcslinp,.
Solllc  of tllc Uncxpcctcci  Icsults  o f  t h e
cximimcnt a r c  tile uncxpccte(i  low
flcqucncy  tether mo(ics, noniincaritics  in
Iilc Systcm an[i the contmilcrs  basc(i
upon tile  i(ictltificxl  ciynarnics (iid not
pc.t fbIm~ t~cttcr  than thmc basc(i ON t h e
allaiytic.ai  mo(icl.

.A(ivancd Contr(~!_ ‘1’cchnoiof>y
ILxpc[inlcnt-1  [AC’1’IIX-1)

“i’iIc  “l’RW/Al:/llMl)()  AC”l’l;X-
i( ‘(’ ) cxpcrimenl  was Iaunchcci  Ciu)ing ll~c
Sprinp, of 1996. ‘1’ilc specific objectives
of the c.xi>ctimcnt arc: 1 ) (icmonstratc
inlcp,ralc(i  active/passive ciamping  usin{l
i>ic7,0ccmmic scIlsors anti a c t u a t o r s

cmbddcd  within the lay-up of graphite
c)mxy tubes, 2) provicic  a capability to
test vit~tatic)n  suilprcssiotl  algorithms in
space usinp, act ivc s(rllct LJI”ai

C’olnp[)llcnts, s e n s o r s , all(i passil’c

(iamilin[],,  3) valiciatc  prcfli[:ht  (icsi~n an(i
i)cl  for”nlal)cx pmi i cl i 011 tools by
iKI fo] min~j on-orbit Systcm
i(icntif~cation  and hcaltil m o n i t o r i n g ,
~’x])cl-ill)cnts,  4) [icmonstlatc  tile c.oncci]t
of Adai>tivc  Stmcturcs  u s i n g  controi
l a w s  tilal  can bc ui~(tatc(i  from ~rout](i,
:iIIci  5) coiicct  (iata on tile Ionp, tcwn
ci’fccts o f  simc cnviroamcnt  on tllc
ac[ivc and passive control cxmpmm~ts.
“1 ilc cxpcl”imcnt  is in i:iguw  4. l:IOIN  (hc
[1,1’oull(i  tes ts , a  s t r a in  ra te  fccdixick
uc)i)tmi iaw iacrcascs  the 0.80/0 open iooi)
I() 22’ ,0/0 cimxi  loop in the primary
i)ca(iinp,  mo(ics and f rom 0 .50 /0  opm
ioop to 60/0 clmxi loop in the torsionai
IHocic.  l:iip,ht  data from tile cxpc.riIncl]t
afc IN I available at ti]is  time.



‘ll~c dcvclolNIIcIIt  and intcgratiol~
(Jftllc  clltirc  cxllcrilllcllt  totbcspaccc.laf(
occumxl  within  a fourlccn  month  period.
‘1’hc Imdwarc succcssflllly  p a s s e d  a
qualificatiol~  IN prop, t-am.

.A(ivaIKxd C(mtl”ols ‘1 ‘Cchnol Qgy
l;xpm  immt  11 (A(H’IIX 11)

‘1’bc objectives o f tbc
‘l’l{W/Al;/llMl10  A(H’l\X  11 cxpcrimc.nl
arc: 1) demonstrate Illc usc of multi  cl~ip
nlodulc  s tructural  control  clccttc)nics
usinp,  hi{~,b density chips, ?) dcmonstlatc
LISC o f  2(NO ~,atc l;ield  l)ro~,rammab]c
(iatc Amys cnablillp,  a ?.h4bit/scc  se r i a l
data [)11s, 3) ckmons[ralc  v i b r a t i o n
supplcssion  ofa flexible appcdag,c with
realistic palasilic stlain  emrgy  losses, 4)
usc innova t ive  p,I-OUId s tat ion laptop
COIItI-Ol  computer using on-orbit system
idcl]tificalion  with closed loop des ign ,
silnulation, and experiment upload
l~lop,lamminp, capability. ‘J’hc
cxpuimcnt  is in l;i~,urc  5 and represents
a stl(lcturc  sil]]ilar to a  sola I al-ray.

(il:iphilc polycyatlal(’ beam ~vitj~

illllxxl(icd ])~,’, acttlatoI/scllso]s,
Il;issively daIIIpcd viscc~clastic joints, and
c[~nstrail]cd  layer passively clamJwd strut
lvitll  fit~cIp,l:tss/~,la  l)llitc/\rl;  M co-cured
laycIs  :irc at tbc base of tbc experiment.

‘1’hc  cxpc]i][lcnt launched in
1995 IIc\~cII L::Ic.llccl ilsilltell(lc(l(~rllit.

S[l~JIJrcssioll  of “ l’lal~sic.nt  Accclmtion
l~y l,cvi(atiorl  (S’I’A1311;)

“1’bc h41)A/h4Sl;C S-1’A131>lt(11)
systcm  cxpc[imcnt  ivas c o m p l e t e d  ill
1995 on S’!’S-73 Shutt le  Mission.  ‘1’hc
objcc.tivc o f  tllc cxpcrimcnl  w a s  t o
i so la t e  smsitivc  il~ic[ogravity  s c i e n c e
payloads from vibmtion  ducto on-boa~ci
tmichinuy  OI- c]cw  :ic.livity. ‘1’IE entire

i s o l a t i o n  systcIIl  fits iIl a sin~),l(  IIliddcck
lockc[ a b o a r d  tl~c S h u t t l e  a[l(l  InCCIS
Intc[nationai spat.c Station
requirements. I’hc objcc(ive  i s  (o
pmvidc vi[>~atioll isolation for
cxl~crinlcnts 10 limit the accclmation  to
about  onc~l-~  fl”om about  .01 10200 Jlz.
‘1’llc Clcctlolllap,[lctic  a c t u a t o r s  h a s  a
stroke  of :+ I  c m .  ‘1’hc  space s t a t i o n
m]uircmcnts,  tllc  ptcdic(cd  t~on-isolatcct
cnvimnlncnt,  and tbc cnvironlncnt  w i t h
lIK iso]atioll  system  a r c  ill l:ip,ure 6.
l~valuation ofa ]imitcci  amouut  of  flip,ht
d a t a  indic.atcs  S“I’AIII,I1 i s  a b l e  to
substantially attclluatc  the acc.clclations
of ovcl”  [Ilc frequency r-an~,c of in te res t

arid comfortably Incc’ts the )ss
ru]uircmcnts.  ‘1’llc  cllrI”cI)t p l a n s  aI’C t o

isolate many  of tbc cxpcrimcnts  on 1SS
usin~~  (IK Active Rack Isolation SystcIn;
I1OWCVC1 S’I’AIII,I{ provides an
al~cmativc  to isolate cxpcri[llcnls  flown
by intcrnatiom!  partncm  on 1SS as well
as Mir and Shutt!c.

lnflatab]c  Alltcf]na ILxpcril]lcllt (lAl:)

‘1’llc l,’(;aI(lU/Jl  )l//NASA 1AI{(12)
dCInOnStI-atC  feasibility of Ialp,c  inflatable
prcc.ision S(IUCIUICS in s p a c e  in hflay
1990. “1’hcantcnna iils ill a 7 X 3X 1 . 5
fbot box ill flatillf:  illtoa50f(J[)t”  diameter
offset  ]xi{abolic.  Sll[”filCC  011  tllI’cc  92 foot
lotlp, s t r u t s .  l)urinp,  tllc  cx])ctimcnl  tbc
IA]{ is on tl~c Spartan laut]rh by Space
Sllu(llc. ‘Ihc inflata[)lc  lJaI-t o f  Ibc
sys Icrn ~~i[t] tl)c inflation  Nitm~,  cn gas
wcip,lls 13? pods. “1’hc inflated
al~lcnna i s  space  i s  in l;ip,~lfc  7. ‘1’hc
alltcnna  success fu l ly  in flatcxl  but t bc
(icploymcnt  scqucncc  of tbc a[~tcnna was
a su[prisc.  l;igurc 8 s t r ews  onc f r a m e
of’ tbc antenna during  deployment. ‘[’he
d a t a  t o  cs(ablisb  tbc dcsird  s u r f a c e



ac.c~ll acy [J,(NII of” several mm I[ns is
C.llrmlltly  in cvaluatioll, Ilowcvcr’ (llc
p ic tu re  o f  the al}tcnna  shows  v i s i b l e
S{lrf:icc rouf,hllcss that indica(cs  atl
il]complctcly  plcssuliz.cd  systcm. “Illc
IA]{ tcclmolop,y demonstration
cxpcrimcnt’s  dmip,n life was for about  a
fixv 1]0111s;  the ankmna  jct[isomd  atmut
1.5 hours af(cr initiation of the
(Icployllmt rc-clltcrcd the earth’s
atmosphere a fcw days ]atcr.

(~l~Alactcri~aliol~  of S’1’ructurcs  in Orbit
(CAS’101{)

‘1’hc (:NliS cxjmimcnt
(;AS]()]<(]3)  “Is CUrl”cl)lly  in dCVC]OJ31DCIlt

k)r a  1996 cxpcrimcnt  o n  lk A41R
station, “Ilc objectives of CAS”l”OR
arc (o Va]i(]a(c analysis and Icst
proccdu]es  fol predict ion of  advancd
]J1-cc.isioll  space structure dynamics and
demonstration of mm gravity passive
and active  dampin~~ active  members.
Validation of analysis and (cst  includes
l)p,l”omdlcst  Ofclcll)cl)lsall(l  systcm,2)
mocic’lillp,of  ~mssive  and ac(ive dampinp,,
3) l]~odcl ll]xia(illg,  4) modeling  of
gI :ivi t y effects, 5) pe] formance
pl-cdiction, and ~)col~l]>:ilisol~  ofp, lo~lll(l
zid ili@( tcs( rcsillts. A schcmatie  of
the approximately 15kg, and l~(km ]onp,
flip,lll IIaldl$’arc  \\itll  tlltcc active
mcnlhcrs  i s  in l:i~lirc 9. ‘1’hc a c t i v e
members ale lo\v voltap,c l)hysik
lns(]  u]ncnl  picm-elcctlic  mcmhs.

(iroun(l  tests  10  dale  d e m o n s t r a t e

the  c:ipabi]i(y  of subst:inlially  incrcasinp,
Illc (iampin!, of the p,lobal  rcsonan[
fl-~’(lllc~lcicsc ~ftl~cs ystet~~l~cloiv 10011  Y..

.Vibr:itioll  Isc)latio[l,  Suppl-cssion  and
Stcu inp, (VISS)

‘]’hC llol)cy\vt:ll/JI’1,  /Al;/llh41)()
\/lss cxpcrimmit Cllrl’cnl]y i n
dcvclopmcnt  i s  p a r t  of the Structu  I:il
‘1’cst Rcsealch V e h i c l e  2 (S’1’RV-?)
program schcduld  for lau[]ch  in 1997.
‘I’l~colJjccti\  ’cistc~co[lltlillc  functionsof
so]ile  of the above  cxpcrimcnts  into one
sNbsyskn),  wimcly  isolate the vi blation
flom a “no i sy”  base  to the p rec i se
inshilmcnt,  Slip])l-css  tllc  vitmtion  on the
prccisc instrilmcnt  (cryo-coolm),  an(i
slccrlhc i~rcc. isc illstrumcllt.

l)urinp, the initiai .II’l. s(ti(iy(] d),
rcqliircmcnl  inc.lu(ic(i  a 1)7,”1’ actuator.
‘1’hc p,oal w a s  10 cstabiish  a (icsip,n  fol
?.ocib  viblation  isoiation  akvc 2 117,,
1 Sdb vi b~:ition supplcssion of
(iisturbancesat  about  OOan(i  t20 liz,,  and
:~().3° steel-ing at 2 and 4 117..  of an Mici
W a v e  lnfra-l<cxi (h4W11{)  wcip,lling,
about  40 po~incis  witholtt  its clcctrollics.

its (iimcnsions  ale about  8.0” ill ciiarnclcl
by 30” in ienp,th. ‘1’hc goais  ale only
a c h i e v a b l e  witil a ionp, stmkc  :in(i low
stiffness 1’7,’1’ actuator(7).  Six of the
iong stoke, iow stiffness, compact and
[cdun(iant  acttiatom  i~lovi(ic  the control
oft]lc six ri[:i[i Imiy (i<>[:rccs-of-flcc(iol)).
‘1’0 simplifj  t h e  dcvrlopmc]]t  o f  the
cxpcrimcnl  Jvithin the 18 month  pe[-imi,
lhc gc)al was to CollLloi”  C:icl) o f  tile
obicctivcs ill(lc]>cll(icllti~’; namely
illdcpcndc.n{ sc.nsors anti cmntmlicxs  hut
with a common  set of actuators.

‘1’hc curlcnt  VISS i s  bcin~,
cicvcio]xxi  by llOIIc>I\\cii  /Jl)l//  Al; Wil Cl”C

IIoncywcli  i s  d e v e l o p i n g  Il)c V i S S
har(iware,  .lI’i,  i s  (icfciopin:l, tile flip,llt
computer :ii~(orithms,  an(i Al: i s  (I]c
progyllm Illallap, cr. ‘1’hc liollcywcll
actuator is a comt>imxi  passive damixx
(iikc  a ])-strul actuator) aJd active voice

cx)i i.



s u m m a r y

Adaptive Stl”llctllrcs p r o v i d e

sOlutiOn OptiOns tO m e e t  many o f  the
tcc.hnic.al  an(i cost challcn:,cs  for f u t u r e
spat.c missions, especially prcc.ision
quirmcmls, by providing usc of robust
dcsip,n appmachcs, TIE  lalgc  Ilumbclof
A(iaptive  Structures flip,ht  cxpcrimcmts is
csscmtia]  to va]i(iatc ti]c tcxhnolog,y  anti
l)cccssal”y  I’csollr’ccs  foI” future  pro~’,l”am
111  Zill:l F, CI”S. ‘Illcac(ivi ties within  (hcpas[
two years  arc possibly an in(iicalion  of
ti]cncartcrm  inscrliotlofti~is  tcci~nolop,y
for future  m i s s i o n s . ~~ar [c~*]]

:ii)plications wiil inclu(ic acluatol”s
Illlique  to a n  api>iication  usinp, cxistinp,
i’7,’l’ tyi>c matc~-ia]s.
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cxpcrimcnts.

l{cfcl’cwc

(i) Vcl]neri,  S . 1 .  an(i \Vada, il. K.,
“overview of NASA’s  A(iai~tivc
Sll llctllr’cs l’m~ram,  ” 1Al :- 9 3 -
1 .5 .2 ,43 ,  44 th  (:ollgrc’ss  of (he

international As[mwiuticai
l~cxicration,  Gra~., Austria, 16-?.?
od. 1993.

(:))

(3)

(4)

(5)

(6)

(’/)

Obal, N4. all(i saw, .i. A4.,
“A(iaptivc  Structu[-es  f o r  Spacc-
I)ascd  l)cfcnsc S y s t e m s , ”  lAl~-
93-1.5-2.44,44th [hl~lCSS ofthc
lntcmationai Astmnautic.a]
l;c(iclation,  (;laz., Austria, 16-22
oct. i993.

Wa(ia, 1]. K., “Rotlust  Stractums
‘1’ilmu~h the i n c o r p o r a t i o n  o f
A(iaptivc Structures,” lAl~-94-
i..4.1 99, 45th Congress of lI)L’
lntcmational Astronziuticai
l;cdc[-ation,  .Icrusalcnl,  lsracl,  9-
140c.t. 1994.

(iiascr, R . ,  (iarba, .I. an(i obai,
M., “S”lRV- 1 b (~ryo-cxmler
Vibrat ion Suppcssion,”  AlAA
l)apcr No. 95-i 122, 36th AIAA
S1)h4 l’mcccdin?,s,  New orlcal]s,
l, A, April lo-i3,  i995.

M a n n i n g ,  R .  A . ,  Wysc,  i<. i:.,
Schubert, s.]<.,” l)cvclopmc]lt  of
al) Act ivc Strllctlll”c l;li[’,ht
i;xpcriment,” A I A A  i)a])cr No.
93-1114, AI AAIAIISIASI<l{
Acmspacc ])csip,n (hnfcmncc,
iwinc,CA,l:cb.  16-19, 1993.

Ilip,uchi, K . , “ A  l’iwoclcc.tlic
I ,inear h40tor 1 )ri vcn by
Supcrposinp,  Stan(iin:l,  Waves
w i t h  l)hasc i)iffcrcmx,>’  AIAA-
95-1110-(:1’,  36tl~  A l A A  Sl)h4
I’roccc(iin[l,s, N c w  ~)1’]C311S,  i/A,
Apt-i! io-13,  1996.

Ilamfbr(i,l  <.,( ;lascr,  ]<., K u o , ( -
1’, and Wada,  11., “long  S t roke
I’recision l’7,’l’Actuatol,”  AIAA-
95-1107, 3 6 t h  AIAA  Sl)h4
l’mc.ccciings, N c w  ()[icans, iA,
April 10-13, 1995.



(x)

(9)

(lo)

(11)

(12

(I3

Millc I, 1). W., de l,uis,  .I, Stovcr,
(i, and (;rawlcy, l;.l:.,  “h4A(~li:
A n a t o m y  of a h40dcrn (;ontml
I  kpcrimcnt  , “  I’mcccdinr,s  of
] ~th II:A(;  Wot’]ct  b)~,lCSS,  san

l;rancisco,  {;A, .luly 1996.

(::impbc]],  M.];.,  (hCOt[,  S.(:.().,
1 low, .I.1’., and Woocls-Vcdclcr,
.I. A., ‘( Overview of (;loscci  lmp
Results for h4A(~l  ;,” l’mcccciinp,s
of ]~th  ll:A(; Wot](i  coll[\I’CSS,

Satll;Ial]cisco,(;A,~lily  1996.

h4anning,,  R. A., Wysc,  1{,11.,  am!
Schubert, s.]{., “l)cvclopmc’lll  of
an Active Structure  l:lip,ht
l;xpcrimcnt,>’ A I A A  93-1 I 14,
AI AAIAllS/
ASl~l~ Acmspacc 1 )csi~n
Gnfc[cncc,  lrvinc,  C;A, lcb. 16-
19, 1993.

l;(lbcrp,,  1), Schcnck, I).,
IIouchcr,  R., Sil-ko,  f<., Num, (i.,
anti \~q,~]to*,, h4., “ ‘1’hc
S’I’A1]l  ,1; h4icmp,ravity Vibration
Isolation System: ovcrviciv  and
Othit:il  l;lp,iht ‘1’cst R e s u l t s , ”
1s’1’s I)apcr 96-P, - 1 ‘7, 29(11

lntcmational Symposium 011
S p a c e  ‘1’cchm]of:y  and Scimcc,
Give, .lapan, h4ay 19-2,5, 199(3.

l’I’cchmL  1<.1:

I]ousquct,  l). W., (;uay, 1’ . ,  and
h4crcicr,  1:., “l; v a l u a t i o n  of

Active 1 )am~)inp, l’crfol-lmt~c.cs  in
Orbit,” Pmcccdings  of Illc l:ifth
Intcmational Collfcrcncc 011
Adaptive Sttudulcs,  “1’cchmlnics
l)ublisllin~,,  1,ancastcr,  1’A, Kcy
West, l;l ,, Nov. 1995.

(14) Wada> 1]. K., I<allmzm>  7. a n d
Kcdiliian, R., ‘L\~i~>ra(i~~*,

isolation, Supplcssion,  Steering,
and l’ointing (VISSI’),”
l)mcccdings  from C;onfcrcncc  on
Spacecraft Structures, Matcria]s,
anti Mechanical “1’cstinp,,
l: XA/(lNl;S/l)ARA, Noordwijk,
‘1’hc Ncthcrlat~ds, h4arcl~ ? 7 - 2 9 ,
1996.



., !.’
:,,:  ...  ;;l,.. . : ,- ‘, . .

(a) hlACE  ConL~uratiox,  I

-,
B..,  k.. ,,,  dti..dti I

\
.x - i

a .,. 0, , . .Z
,,!.,. 0..,. ,

y ‘ J’:: 4 ~ iyd) ‘~. “-’

(9 ?Jb— /).,,

/ I&h,,.., it,.,.  e.,. ,
IQ-L , \ r-!.,.,, ?.p,, ,/-

\
1.,. Q.. /

$..~hr, , . * . , -’-.0  ““ ‘#
‘w-l f-tic,

(b) MACi;  Corlf,curatlon  I I



,\ ’[j’,’.,,.’,, -.’

., ,.
.,

,,, ,,
,.

,, .(~.,.,1

‘(

., ... 1’ -.:

‘ (.,
016 1 <’, ~,:., ‘< ~


